Purpose. The purpose of the article is to give designers of highly reliable technical systems that do not have special knowledge in the field of optimization and programming skills, a simple and accessible mathematical tool for choosing the optimal solution for structural redundancy of systems. Methodology. The article poses the problem of optimal structural redundancy of technical systems. Two typical redundancy schemes are considered: a) a separate «hot» backup scheme; b) a separate «cold» backup scheme. The computational models for estimating the reliability of redundant systems are formulated. We offer optimization models that allow us to find a rational option for reserving a system that is being designed, taking into account conflicting requirements for its reliability and cost. These models are numerically implemented in the operating environment of the Excel spreadsheet as applied to the main object, consisting of 7 elements. The optimal variants of reserving this object according to the «hot» and «cold» separate reservation schemes are given. Findings. Calculated models for estimating reliability, as well as models for optimizing the systems reserved for the «hot» and «cold» separate backup schemes, have been developed. With the use of the Excel spreadsheet, the optimal options for reserving 7 element objects are found for separate «hot» and «cold» backups. Originality. New computational models for estimating the reliability of redundant systems are proposed, as well as optimization models developed on the basis of these, which are formulated using the decomposition of unknown initial problem of structural redundancy into binary components. In this case, the obtained optimization models belong to the class of problems of non-linear mathematical programming with binary variables, for the numerical solution of which (even for a sufficiently large dimension) well-known packages of applied computer programs, in particular, the MS Excel spreadsheet, are well adapted. Thus, the process of solving the initially very complicated problem of optimal structural redundancy is much simpler and reduced to performing elementary actions in the corresponding software interfaces. Practical value. The proposed calculation models for estimating the reliability of redundant systems, models for optimal structural redundancy, and the methodology for their formation, in order to simplify further numerical implementation, can be useful in solving problems of ensuring the reliability of technical systems in the early stages of their design.
Introduction
Inadequate design reliability of technical systems leads to a significant increase in the share of operating costs in total expenditures for their design, fabrication and application. At the same time, the cost of operation can many times exceed the cost of designing and manufacturing the system [1, 3, 10] . Therefore, the reliability of technical systems should be ensured, first of all, at the design stage [2, 12, 13] .
One of the main methods for ensuring the reliability of the technical systems being designed is the method of structural redundancy [6] [7] [8] , which in-volves the use of redundant elements in the system. The essence of structural redundancy lies in the fact that in addition to the main (reserved) object containing the minimum required number of elements for the normal performance of the system's functions, in the system structure the additional identical (in terms of performed operational functions and reliability) elements are introduced. These redundant elements are designed to perform the work functions of the main elements. Thus, a system with redundancy is a system containing redundant structural components with respect to being reserved object that perform the same work functions as the corresponding components of the main object. The redundant system remains operable after subsequent failure of any element if the number of operable elements does not become less than the minimum required number provided for by regulatory requirements for the main object.
The problem of rational choice of one of the several variants of the system composition always arises during the structural redundancy. On the one hand, to increase reliability it is desirable to provide each of the system elements with maximum possible number of redundant elements, and, on the other hand, it is impossible to design a system with too large cost, weight or dimensions. Therefore, the actual task is how to reserve the system in such a way as to provide the required level of system reliability at acceptable costs. The choice of the cost characteristic is determined by the type of the system and its purpose. For example, for aircrafts the essential factor is weight, and for the ground systemthe cost. Regardless of the physical essence, the selected cost characteristic for brevity below will be referred to as cost. Usually, the problems of optimal structural redundancy of technical systems are formulated as non-linear programming problems, and to solve them, depending on the complexity and required accuracy, the special algorithms are used. They are based primarily on the dynamic programming method [6] . In this article, the initial optimization model is represented in terms of the problem of non-linear integer programming with binary variables, which greatly simplifies its numerical implementation.
Purpose
The purpose of the article is to give the designers of highly reliable technical systems that do not know modern optimization methods and programming skills, a simple mathematical tool for choosing the optimal structure of a redundant system.
Methodology
During problem definition of the optimal structural redundancy, the main object is considered as a system consisting of n of various elements that have a coherent connection [4] (see Fig. 1 ). As the main indicator of reliability of the redundant system, the probability of its fail-safe operation is assumed. It is believed that the failure flow of elements put into operation is described by the Poisson arrival [5] . Possible variants of the main object redundancy are limited to the consideration of typical schemes of separate «cold» backup with an integer multiplicity with an ideal switch (see Fig. 2 ) and «hot» backup with parallel connection of elements (see Fig.3 ) [7] . Note that, taking into account the assumptions made, the probability of failure-free operation of the redundant group of elements, the scheme of structural reliability of which is shown in Fig. 2 , is determined by the Erlangian formula [5, 9] 
and the formula for calculating the probability of failure-free operation of a redundant group of elements, the structural scheme of reliability of which is shown in Fig. 3 , has the form
where is the failure rate of the element put into operation;
ris the redundancy rate.
Let us introduce the following designations: 
and when using the «hot» backup scheme, this probability is represented as follows 
With neglect of the cost of switching equipment in case of «cold» backup, the cost of the redundant group consisting of the elements of the k -th type in both backup schemes can be found using formula
Taking into account the coherent connection of the main elements and the product rule, the probability of failure-free operation and the cost of the entire redundant system are determined as follows:
where Xis the matrix describing composition of the elements of the redundant system Ptare determined using formulas (3) and (4) depending on the backup scheme used.
In terms of the mathematical programming problem, the following two typical statements of the task of optimal structural redundancy are possible.
The problem 1: it is required to find the composition of redundant elements (matrix elements X ) that provides the required level of system reliability for a given time at the lowest possible cost 
The problem 2: it is required to find the composition of redundant elements, which provides the highest possible level of system reliability for a given time 
The optimization models (8) and (9) The optimal values of the unknowns ki x in cases of «cold» and «hot» backup are found in Tables, respectively, 2 and 3, and the corresponding structural diagrams of the system reliability are shown in Figures 4 and 5 . The calculated reliability estimates and the cost of the optimal system for «cold» and «hot» backup are listed in Table 4 . The reliability parameters and the cost of optimal system 
Findings
The calculated models for estimating reliability, as well as the optimization models for the redundant systems according to the «hot» and «cold» separate backup schemes, have been developed. The optimal options for reserving the 7 element object at separate «cold» and «hot» backup using the Excel spreadsheet were found.
Originality and practical value
New calculation models for estimating the reliability of redundant systems are proposed, as well as the optimization models developed on their basis, which are formulated using the unknown decomposition of initial problem of structural redundancy into binary components. The obtained optimization models belong to the class of problems of non-linear mathematical programming with binary variables, for the numerical solution of which (even for a sufficiently large dimensions) the well-known packages of applied computer programs, in particular, the MS Excel spreadsheet, are well adapted. Thus, the process of solving the initially very complicated problem of optimal structural redundancy is greatly simplified and reduced to performing elementary actions in the corresponding programming interfaces. The proposed calculation models for estimating the reliability of redundant systems, the models of optimal structural redundancy, and the methodology for their formation in order to simplify further numerical implementation can be useful in solving the problems of ensuring the reliability of technical systems at the early stages of their design.
Conclusions
The results obtained in the article using the specific examples show the efficiency and sufficient generality of the considered approach to solving the problems of optimal structural redundancy. The optimization models (8) and (9) belong to the class of non-linear programming problems with binary variables and are easily implemented numerically in the operating environment of the Excel spreadsheet. The obtained calculation models for estimating the reliability of redundant systems (3) -(6), the models for optimal structural redundancy (8) and (9) , and the methodology for their formation can be used in practical problems of ensuring the reliability of technical systems at the early stages of their design. 
ОПТИМАЛЬНОЕ СТРУКТУРНОЕ РЕЗЕРВИРОВАНИЕ ТЕХНИЧЕСКИХ СИСТЕМ
Цель. Основная цель статьи -дать проектировщикам высоконадежных технических систем, не обладающим специальными знаниями в области оптимизации и навыками программирования, простой и доступный математический инструмент для выбора оптимального решения при структурном резервировании систем. Методика. В качестве главного показателя надежности резервированной системы принята вероятность ее безотказной работы. Рассмотрены две типовые схемы резервирования: 1) схема раздельного «горячего» резервирования; 2) схема раздельного «холодного» резервирования. Сформулированы расчетные модели оценки надежности резервированных систем. Результаты. В работе предложены оптимизационные модели, позволяющие найти рациональный вариант резервирования проектируемой системы с учетом противоречивых требований к ее надежности и стоимости. Данные модели численно реализуются в операционной среде табличного процессора Excel применительно к основному объекту, состоящему из 7 элементов. Приведены оптимальные варианты резервирования этого объекта по схемам «горячего» и «холодного» раздельного резервирования. Научная новизна. Предложены новые расчетные модели оценки надежности резервированных систем, а также разработанные на их основе оптимизационные модели, которые сформулированы с использованием разложения неизвестных исходной задачи структурного резервирования на бинарные составляющие. При этом полученные оптимизационные модели относятся к классу задач нелинейного математического программирования с двоичными переменными, для численного решения которых (даже при достаточно большой размерности) хорошо приспособлены широко известные пакеты прикладных компьютерных программ, в частности табличный процессор MS Excel. Таким образом, процесс решения изначально весьма сложной задачи оптимального структурного резервирования значительно упрощается и сводится к выполнению элементарных действий в соответствующих программных интерфейсах. Практическая значимость. Предложенные расчетные модели оценки надежности резервированных систем, модели оптимального структурного резервирования, а также методология их формирования с целью упрощения дальнейшей численной реализации могут быть полезны при решении задач обеспечения надежности технических систем на ранних стадиях их проектирования.
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